A literature search and laboratory study were conducted to predict the amount of oil, if any, that would be removed by oil-solid interaction from the surface slick of a pipeline spill onto the Yukon River. Samples of Alaska North Slope crude oil and river water were shaken under various conditions and allowed to settle. The solid particles that sank were withdrawn and any oil associated with the solids was extracted and quantified. From the results, the most important factors affecting the oil-solid interaction process were mixing energy and temperature, and to a lesser degree oil volume and settling time. A reasonable estimate for oil loading on the suspended solids during a spill would be on the order of 0
INTRODUCTION
The question has been raised: if there were a spill from the Trans Alaska Pipeline system (TAPS) such that the oil made its way into the Yukon River, what would happen to the oil? More specifically, how much of the oil would associate with the suspended solids in the river and be transferred from the surface of the river into the water layer? To date, there has been very little attention paid to the problem of oil spilled into rivers with high solids content, such as the Yukon. This situation, with high currents and restricted channels is very different from the open ocean or shoreline scenarios that most research has focused on. It was not clear, from the available literature, whether oil-solid interaction would play a significant role in oil removal.
METHODS
Water samples were taken from the Yukon River in October of 1997 by Alyeska personnel. The water was collected close to the midpoint of the river, just downstream of the Yukon bridge, within the upper two feet of water (see Figure 1 ).
The samples were sent to an outside laboratory and tested for conductivity, dissolved solids, total suspended solids, turbidity, total organic carbon and x-ray diffraction.
The results of the tests are presented in Table 1 . Interestingly, the total dissolved solids content of the river water (140 ppm) is lower than the 1,000 ppm suggested by Bragg and Owens (1995) as a possible cutoff, below which oil-solid flocculation would not occur. The x-ray diffraction indicated that the solids were composed of the following mineral groups:
• Clays-Mica (mica, illite, kaolinite and possibly montmorillonite); and,
• Feldspar Minerals: (Ca, Na -Al, and K, Na -Al sillicates)
The oil used in the experiment was fresh Alaska North Slope (ANS) crude oil, taken from Pump Station nine in 1996. Selected physical properties of ANS are presented in Table 2 . (Bragg and Owens 1995) to affect the oil-solid interaction process. These parameters were:
• oil volume (oil to water ratio);
• shaking time (mixing time);
• shaking arc (mixing energy);
• settling time;
• solids loading (total suspended solids concentration); and
Baseline values and one to three other values were chosen for each parameter. These formed the test matrix for the experiment, given in Table 3 . A separate test was conducted for each change in parameter, with three replicates for each test. For some of the tests, a control was included, with no oil, to determine the background level of organic material in the solids. The river water and appropriate volumes of oil were added to 250-mL cylindrical separatory funnels and mixed with a wrist-action shaker. After settling, the lower 100 mL of water was drained off and the solids removed by vacuum filtration. The filtrate and paper was transferred to a vacuum dessicator for a minimum of 48 hours, after which the filter and solids were weighed. The oil was then extracted from the solids with dichloromethane (CH 2 Cl 2 ), and the amount of oil in the extract determined by spectrophotometry.
The mean oil loading (0), standard deviation (s) and variance (s 2 ) were calculated from the three repeats for each test. The mean oil loading for each test was then compared to that of the baseline test. A Student's T-test was used to determine if any differences were significant, or if the could in fact be attributed to random chance. The Smith-Satterthwaite procedure for estimating the degrees of freedom was used (Milton and Arnold 1990) .
A one-tailed test was used in all comparisons. The null hypothesis (H 0 ) was always that µ baseline = µ test (the differences were due to chance). If the test mean (H 1 ) was higher than the baseline mean, the alternate hypothesis was µ baseline < µ test (the test mean is truly higher than the baseline mean). If the test mean was lower than the baseline mean, the alternate hypothesis was µ baseline > µ test (the test mean is truly lower than the baseline mean).
The P-value, or level of significance, for the test statistic was determined from the degrees of freedom and the test statistic. This value represented the probability that the null hypothesis is true.
RESULTS AND DISCUSSION
The results of the tests are summarized in Figure 2 and There was a considerably lower oil loading for the tests with 20 mL of oil than the baseline. The difference was highly significant. This result was unexpected.
It may have been due to the reduction in free space (reduced from 40 mL to 30 mL) in the separatory funnel. This may have resulted in a reduction in turbulence, and thus less mixing of the oil and solids. The oil loading for the test with 5 mL was close to the baseline (within 6%); the Student's T-test result indicated the difference was not significant. The reduction in oil loading seen in the 2 mL test was more significant, at 0.11, but was still not definitive. It would be worthwhile to perform more tests to improve the significance level of the comparisons.
Also, the oil-to-water ratio for the 20 and 10 mL oil volumes is much higher than would be seen in a real spill; even the 5 and 2 mL volumes are on the high end.
It would be useful to perform tests with lower oil-to-water ratios to see how the oilsolid interaction is affected. The differences in mean oil loading between the baseline test and those with 10 and 30 minutes of shaking were very small (less than 7%). Increasing the mixing time to four hours produced a moderate increase in oil loading, however, the level of significance was only 0.225, meaning there was a significant chance that there was no difference.
The results indicated that with vigorous mixing of the oil and water phases, the oil-solid adherence takes place rapidly. There is no compelling evidence that increasing the mixing time has any effect on oil loading. The 10° arc produced vigorous mixing with complete suspension of solids and oil droplets mixed throughout the water layer. When the arc was set to 7°, the largest solid particles were not kept suspended in the water, although oil droplet dispersion into the water was still good. For the tests with a 4° arc, there was very little oil droplet mixing with the water below a depth of 1-2 cm, and most of the solids remained at the bottom of the separatory funnel. The mean oil loading for the tests at 7° arc was slightly lower than the baseline; however the difference was not significant and could have been due to random chance. Reducing the shaking arc to 4° had a dramatic effect on the oil loading, reducing it to almost nothing. This difference was highly significant.
It is apparent that while there is a range of mixing energies where the solidsoil interaction will occur, there is a minimum energy necessary, below which the process will not take place. It can be inferred from the high suspended solids level in the water samples (taken from the upper two feet of water depth) that the turbulence level in the Yukon River is high. Therefore, the most weight should be given to the results of the tests at the level of mixing energy that kept most of the solids in suspension, namely the 10 and 7° arc tests.
It should be noted that the turbulence imparted by the wrist-action shaker may be very different in nature from that of the river. It is impossible to say how this difference would affect the oil-solid interaction process. The difference could be investigated by conducting oil-sediment interaction experiments in an artificial flume, constructed to simulate the hydraulic properties of the Yukon River. The mean oil loading for the 0.33 hour test was almost 50% higher than the baseline, while that for the 6 hour test was 30% higher. This makes sense because the shorter settling time did not allow for all of the dispersed oil droplets to coalesce and rise. However, it must be noted that there is a possibility the difference was due to chance, with levels of significance of 0.19 and 0.17, respectively. The mean oil loading for the 48 hour test was lower than the baseline; this difference was signifi- The level of silt in the Yukon River is not constant, but varies over the year.
At the time the water samples were taken (October) the sediment loading was approximately 1/3 less than at the peak (which occurs in May and lasts to the beginning of August). Tests were conducted with increased sediment concentrations.
Additional sediment, filtered out of a separate water sample, was added to raise the concentration in the water for these tests by 1/3. There was a small increase in oil loading with the 1/3 increase in solids content. This increase was significant at the 0.06 level. Decreasing the temperature had a large effect on the mean oil loading, increasing it to 0.257 g of oil per g of solid. This difference was significant at the 0.021 level. The change was attributed to the decrease in viscosity of ANS crude oil with temperature, which increased the droplet size of the oil and made it more sticky and likely to adhere to solid particles. This behavior has been observed before (Meyers and Quinn, 1973) . Other researchers have found a minimum viscosity below which the oil is too viscid to break into droplets (Owens et al., 1994) .
CONCLUSIONS AND RECOMMENDATIONS
There are several conclusions that can be drawn from the test results:
• oil-solids interaction can occur at TDS levels as low as 140 ppm;
• the most important factors affecting the oil-solid interaction process were mixing energy and temperature, and to a lesser degree oil volume and settling time;
and,
• the significance levels of the test results were generally low; more replicate tests would help to improve the level of significance.
If the natural mixing between the oil and water is roughly equivalent to that produced by the 7 or 10° arc on the wrist action shaker, then a reasonable estimate for steady-state oil loading would be on the order of 0.1 kg of oil per kg of solids.
It would be prudent to perform further, similar tests in an artificial flume designed to more accurately reproduce the turbulence level of the river. Also, it would be useful to investigate lower oil-to-water ratios, to see how this affects the oil-solids interaction. 
